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Evaluation of Granular Activated Carbon, Shale, and Two
Organoclays for Use as Sorptive Amendments

in Clay Landfill Liners
Shannon L. Bartelt-Hunt1; James A. Smith2; Susan E. Burns3; and Alan J. Rabideau4

Abstract: Four materials with high sorptive capacities for organic compounds@granular activated carbon~GAC!, shale
benzyltriethylammonium-bentonite~BTEA-bentonite!, and hexadecyltrimethylammonium-bentonite~HDTMA-bentonite!# were evaluate
for their use in compacted clay landfill liners by conducting laboratory sorption and permeability experiments with both a 0.0024
solution ~to simulate the ionic strength of ground water! and a synthetic leachate. Results from equilibrium sorption experiment
0.002 N CaSO4 indicate that all four amendments have a very high sorptive capacity for the three organic solutes tested:
trichloroethylene, and 1,2-dichlorobenzene. GAC exhibited the highest sorptive capacity for all three solutes, followed b
bentonite, HDTMA-bentonite, and shale. Experiments conducted with synthetic leachate indicate that GAC and BTEA-benton
exhibit competitive sorption effects with the synthetic leachate constituents, while shale did exhibit some competitive sorptio
between benzene and trichloroethylene and the synthetic leachate constituents. Permeability tests conducted on specimens
Ottawa sand, untreated bentonite, and either 3 or 9% amendment by weight were also performed. Results indicate that a
specimens had a hydraulic conductivity less than or equal to 1310−7 cm/s, with the exception of the specimen amended with 3% G
which had a measured conductivity value of 2310−7 cm/s. Changing the permeant fluid to a synthetic leachate had little effect
overall conductivity of the specimens. One-dimensional benzene transport simulations were performed to more completely ev
effective these materials would be if incorporated into a compacted clay liner. Simulations indicated that all proposed amendm
effectively retard the transport of benzene through the liner. Amending liners with 3 or 9% GAC or 3 or 9% BTEA-bentonite ef
eliminated benzene flux through the liner over a 100-year period. Liners amended with HDTMA-bentonite or shale also re
benzene flux exiting the liner over the simulation period, but to a lesser extent.

DOI: 10.1061/~ASCE!1090-0241~2005!131:7~848!

CE Database subject headings: Shale; Activated carbon; Sorption; Permeability; Leaching; Benzene; TCE; Clay liners.
s
ange
or-
tion
ver
ene,

% of

t
ollut-
and

ign of
te of
duc-
ol-
fusion
ras
ss
rring
itself,

if-
rthen
liner

n to
eous

al
than

range

con-

, and
NC

ia,

ia,

ntal

ssions
te by
ging
pos-
This

al
41/
Introduction

Leachates from municipal solid waste~MSW! and hazardou
waste disposal facilities have been found to contain a wide r
of potential environmental contaminants, including volatile
ganic compounds. A recent U.S. Environmental Protec
Agency ~EPA! report characterizing landfill leachates from o
200 MSW landfills found organic compounds, such as benz
toluene, ethylbenzene, and methylene chloride, in over 50
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3Associate Professor, Dept. of Civil Engineering, Univ. of Virgin
Charlottesville, VA 22904.

4Associate Professor, Dept. of Civil, Structural, and Environme
Engineering, SUNY-Buffalo, Buffalo, NY 14260.

Note. Discussion open until December 1, 2005. Separate discu
must be submitted for individual papers. To extend the closing da
one month, a written request must be filed with the ASCE Mana
Editor. The manuscript for this paper was submitted for review and
sible publication on May 6, 2004; approved on December 12, 2004.
paper is part of theJournal of Geotechnical and Geoenvironment
Engineering, Vol. 131, No. 7, July 1, 2005. ©ASCE, ISSN 1090-02

2005/7-848–856/$25.00.

848 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
the leachate samples tested~U.S. EPA 2000!. In order to protec
underlying ground-water resources from these and other p
ants, waste disposal sites are commonly lined with clay
geomembrane composite liners. For the most part, the des
these liner systems has focused on minimizing the flow ra
leachate through the liner. However, even with hydraulic con
tivities less than 10−7 cm/s, the mass flux of many organic p
lutants across earthen and intact geomembrane liners by dif
can be significant~Shackelford 1991; Mott 1992; Park and Nib
1993; Gullick 1998!. An additional contribution to pollutant ma
flux across landfill liners is made as a result of regularly occu
defects in geomembranes, either within the geomembrane
or within the seams between geomembrane sections.

Due to the inability of composite landfill liners to impede d
fusive transport, enhancement of the sorption capacity of ea
liner materials should be considered as a means to improve
performance. The magnitude of organic pollutant sorptio
natural soils and clays is related to the organic solute’s aqu
solubility and the organic-carbon content of the sorbent~Smith et
al. 1988; DiCesare and Smith 1994; Chiou 1998!. Because natur
soils and clays typically have organic-carbon contents less
0.5%, pollutants such as chlorinated solvents and gasoline-
hydrocarbons~with solubilities greater than a few mg/L! do not
sorb appreciably. By contrast, strongly hydrophobic organic

taminants~e.g., polychlorinated biphenyls, polycyclic aromatic

ERING © ASCE / JULY 2005
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hydrocarbons, etc.! and many heavy metals bind strongly to na
ral soils and clays.

A method of enhancing organic pollutant sorption and
minimizing the flux of leachate pollutants through earthen li
is to amend the liners with materials capable of strongly sor
organic pollutants. Several proposed amendments include or
philic bentonites, activated carbon, and shale~Bierck and Chan
1994; Smith and Jaffé 1994; Gullick and Weber 2001!. In some
cases, sorption capacities are four or five orders of magn
greater for these materials than for natural soils and clays
creasing the sorption capacity of the earthen liner effectivel
duces the pollutant advection velocity and the rate of solute
fusion during transient solute transport without requiring
increase in liner thickness. Although a sorbed pollutant will e
tually desorb from the liner, the mass flux from the bottom of
liner should be significantly reduced when an organobento
shale, or activated carbon is a component of the liner. In ord
evaluate the potential effectiveness of sorptive material
amendments to clay liners, sorption and permeability testing
performed on four materials: benzyltriethylammonium-bento
~BTEA-bentonite!, hexadecyltrimethylammonium-benton
~HDTMA-bentonite!, shale, and granular activated carb
~GAC!. One-dimensional transport modeling was performe
determine how effective each of these amendments would
retarding the transport of organic contaminants if incorpor
into a clay landfill liner.

The use of sorptive materials in barrier systems has been
gested previously by other researchers, however this study
first to provide an in-depth side-by-side comparison of a va
of different sorbent materials using both experimental ana
and mathematical simulations. In addition, this study prov
new information on the sorption capacity and permeability o
four amendments in the presence of a complex landfill leach

Methods and Materials

Sorptive Materials

The two organoclays evaluated for potential use in liner sys
were HDTMA-bentonite and BTEA-bentonite. These orga
philic bentonites were synthesized from a naturally occurring
dium bentonite that was treated with either HDTMA-brom
fsCH3d3NC16H33Brg or BTEA-chloride fsC2H5d3NCH2C6H5Clg.
Both compounds were obtained from Aldrich Chemical Comp
~St. Louis, Missouri!, had a chemical purity of 99%, and we
used as received.

The HDTMA-bentonite was synthesized at an organic ca
loading corresponding to 80% of the cation-exchange capac
the base bentonite while the BTEA-bentonite was synthe
with a loading corresponding to 50% of the cation-exchange
pacity. These percentages have been shown to result in the
mum sorptive capacity for a number of volatile organic c
pounds~Bartelt-Hunt et al. 2003!. Details concerning the meth
used to synthesize the organoclays have been described
ously ~Bartelt-Hunt et al. 2003!.

Activated carbon, the third amendment proposed for eva
tion, is a generic term for a variety of products composed pr
rily of elemental carbon that have been treated~activated! to en-
hance their surface areas~Manes 1998!. GAC was chosen for th
study since previous studies have shown that powdered act
carbon may be transported through soil-bentonite systems

the application of hydraulic gradients~Bierck and Chang 1994!.
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The GAC used in this study was a granular reactivated ca
~GAC-840R! obtained from American Norit, Inc.~Atlanta, Geor
gia! with a mesh size of 8340 and was used as received.

The final sorbent evaluated was shale, a sedimentary
formed naturally from silt and clay. The shale used in this s
was carbonaceous shale obtained from Ward’s Geology~Roches
ter, New York!. The shale was ground and the portion passi
No. 40 sieve was used in experimental testing.

Conventional liner materials were represented in this stud
untreated bentonite and Ottawa sand. The bentonite clay
composed of 3.6% sand, 7.3% silt, and 89.1% clay. The
changeable inorganic cation on the base bentonite clay wa
marily sodium. The Ottawa sand~Grade F-25! was obtained from
U.S. Silica Company~Berkeley Springs, West Virginia! and was
used as received.

Solutes

Sorption testing was performed for three relatively water-so
organic pollutants: trichloroethylene~TCE!, 1,2-dichlorobenzen
~1,2-DCB!, and benzene. These solutes were chosen becaus
are common ground-water pollutants and their solubilities m
them relatively mobile in natural porous media. Physical
chemical properties of these solutes are presented in Table

Synthetic Leachate

In order to accurately evaluate the sorption and permeability
acteristics of these amendments for use in clay liner sys
sorption and permeability experiments were performed with
a 0.002 N CaSO4 solution and a synthetic MSW leachate as
solvent phase. The synthetic leachate was used to determin
the sorption and permeability properties of the amendm
would change when subjected to a complex heterogeneous
ture containing many of the chemical constituents found in a
landfill leachates. The composition of the synthetic leacha
presented in Table 2.

This composition was based primarily on a U.S. EPA re
that includes characterization data from more than 200 M
landfills in the United States~U.S. EPA 2000!. The syntheti
leachate composition in this study includes six of the most c
monly measured inorganic and organic analytes. The conc
tions of inorganic cations and anions in the synthetic leac
were chosen to correspond to the mean concentrations pub
in the report as closely as possible.

Heavy metals are not included in the proposed synt
leachate although they have been measured at low concent
in analyses of actual leachate. Any effect on sorption and pe
ability due to low concentrations of heavy metals will likely
overshadowed by the high concentrations of inorganic ion
ready present in the synthetic leachate such as calcium, m

Table 1. Chemical and Physical Properties of Organic Solutes

Compound
Molecular weight

~g/mol!

Solubility
~mg/L!
25°C logKow

1,2-dichlorobenzene 147.00 148 3.34–3

Trichloroethylene 131.39 1,100 2.29–3

Benzene 78.11 1,750 1.56–2

Note: All values taken fromGroundwater Chemicals Desk Reference, 2nd
Ed. ~Montgomery 1996!.
sium, and iron.

GEOENVIRONMENTAL ENGINEERING © ASCE / JULY 2005 / 849



±0.3
hese
dfill
/cm,

sed
ilibra-
5

c
ass
t was
ese
solute

to
e
cin-
d to
ncen
d by
atch

s wer
r than
n,
ne if
tivity.

the
rium

to be
ium,
of
was

rst
test-
4 h,
ib-
48 h

ed of
at dif-
.002

sting
reated
liner
ted is

end-
ly

cent-
cost

ben-
ative

, we
tive
char-
soil

ty test
84.
peci-
ed of
y 25
ture
s ex-

h of

by
r the
ducing
nflow
. The
low-
pe-

all
ed for
core
nents

iteria
rmi-
an;
en

ite
nite
The measured pH value of the synthetic leachate was 5.8
and the measured conductivity value was 2.7±0.2 mS/cm. T
values agree with reported pH and conductivity values for lan
leachates, which range between 4.5 to 9 and 2.5 to 35 mS
respectively~Christensen et al. 2001!.

Sorption Isotherms

Sorption of TCE, 1,2-DCB, and benzene to the four propo
amendments was quantified using a conventional batch equ
tion technique~Smith and Jaffé 1994; Smith and Galan 199!.
Varying amounts of sorbent, 0.002 N CaSO4 solution or syntheti
leachate, and14C-labeled solute were combined in 15 mL gl
centrifuge tubes with Teflon-lined caps. The mass of sorben
0.5 g for BTEA-bentonite and 2.0 g for HDTMA-bentonite; th
masses were chosen to insure that 30 to 90% of the added
was sorbed at equilibrium.

After equilibration, the reactors were centrifuged at 2,400g for
60 min at 22°C. 500mL of the supernatant was transferred
5 mL of scintillation cocktail in a 7 mL scintillation vial. Th
radioactivity was quantified with a Packard 1900TR liquid s
tillation analyzer and the measured radioactivity was relate
aqueous concentration by a standard curve. The sorbed co
tration of the solute in each batch reactor was then calculate
difference. For each isotherm experiment, three additional b
reactors were prepared for quality assurance. These reactor
used to quantify solute losses caused by processes othe
sorption to the sorbent~e.g., volatilization, sorption to Teflo
etc.! and to quantify the background radiation and to determi
the sorbent, water, or reactor was contaminated with radioac

Kinetic sorption experiments were performed to determine
time required for the three proposed solutes to reach equilib
with the shale and activated carbon. 24 h is considered
sufficient time for the two organobentonites to reach equilibr
as Deitsch et al.~1998! have shown previously that sorption
carbon tetrachloride and 1,2-DCB to three organobentonites
found to be very rapid, with equilibrium occurring within the fi
few hours of solute-sorbent contact time. Results of kinetic
ing indicated that sorption to GAC reaches equilibrium in 2
with the majority of uptake occurring in the first 30 min. Equil
rium sorption to shale was determined to have occurred after

Table 2. Composition of Proposed Synthetic Leachate

Inorganics

126 mg/L Mg2+

914 mg/L Cl−

92 mg/L Fe2+

334 mg/L SO4
2−

262 mg/L K+

197 mg/L Na+

74 mg/L Ca2+

Organics

5 mg/L acetone

60 mg/L 1,2-dichloroethane

3.5 mg/L methyl isobutyl ketone

45 mg/L phenol

20 mg/L methylene chloride

1.5 mg/L toluene
of solute-sorbent contact.
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Permeability Testing

Permeability tests were performed on specimens compos
Ottawa sand, untreated bentonite, and sorptive amendment
ferent weight percentages for two different permeant fluids, 0
N CaSO4 solution and the synthetic leachate. Permeability te
was also done on core composed of Ottawa sand and unt
bentonite, which were used to represent conventional clay
materials. The composition of each of the nine specimens tes
given in Table 3. Relatively low weight percentages of am
ment ~0, 3, and 9%! were chosen for investigation as it is like
cost prohibitive to use sorptive amendments at weight per
ages greater than 9–10% due to their significantly increased
over conventional liner materials. In addition, conventional
tonite has historically been added in small percentages to n
soils to reduce the permeability of barrier systems. Similarly
chose to investigate the effect of a small addition of sorp
amendment on the contaminant transport and permeability
acteristics of the overall liner. The permeability of compacted
specimens was measured with a changing-head permeabili
using flexible-wall permeameters according to ASTM D50
The optimal moisture content was determined for each soil s
men prior to permeability testing. The specimen was compos
three layers that were compacted in a compaction mold b
drops of a 2.3 kg hammer from a height of 40 cm at a mois
content that was 2% greater than optimal. The specimen wa
truded from the compaction mold and trimmed to a lengt
6.5 cm.

Compacted specimens were placed in the permeameter~Traut-
wein Soil Testing Equipment Co.! and back-pressure saturated
the permeant fluid at a pressure of 193 kPa for 48 h. Afte
core was saturated, a pressure gradient was induced by re
the outflow pressure. The pressure difference between the i
and outflow ends of the sample ranged from 6.8 to 27.6 kPa
pressure differential was kept as low as possible while still al
ing for completion of a permeability test within a reasonable
riod of time s8–12 weeksd. The confining cell pressure in
experiments was 206.8 kPa. Bladder accumulators were us
storage of the leachate at the inflow and outflow ends of the
to prevent damage to the panel boards by the organic compo
of the leachate.

Permeability experiments were completed when three cr
were met:~1! results of three consecutive permeability dete
nations over a two-week period were within ±25% of their me
~2! the ratio of the inflow rate to the outflow rate for the specim

Table 3. Composite Soil Samples Used in Permeability Testing

Sample
Ottawa sand

~wt %!
Bentonite

~wt %!
Amendment type

and percent

1 90 10 None

2 87 10 3% GAC

3 81 10 9% GAC

4 87 10 3% HDTMA-bentonite

5 81 10 9% HDTMA-bentonite

6 87 10 3% BTEA-bentonite

7 81 10 9% BTEA-bentonite

8 87 10 3% shale

9 81 10 9% shale

Note: GAC=granular activated carbon; HDTMA-benton
5hexadecyltrimethylammonium-bentonite; and BTEA-bento
5benzyltriethylammonium-bentonite.
was between 0.75 and 1.25; and~3! a plot of permeability versus
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time showed no distinct rising or falling trend. When these c
ria were met, the mean of the final three permeability mea
ments was averaged and recorded. At the completion of the
the porosity, bulk dry density, and bulk density of the speci
was determined gravimetrically. Permeability tests with 0.00
CaSO4 as the permeant fluid were performed in triplicate. Per
ability tests with synthetic leachate as the permeant fluid
first permeated with the calcium sulfate solution. After the sp
men was brought to equilibrium with the calcium sulfate solut
the synthetic leachate was introduced into the specimen.
one pore volume of leachate had passed through the specim
final permeability of the specimen was determined using stop
criteria outlined above. Duplicate permeability experiments w
performed with synthetic leachate as the permeant fluid.

Transport Modeling Simulations

The experimental results from the sorption and permeability
periments were used as input data for transport simulatio
order to evaluate the potential benefit of using sorptive am
ments as a component of compacted clay liners. TheMOUSER
model ~Rabideau 2003! was used to evaluate benzene trans
over a 100-year period through a hypothetical 0.6 m thick
comprised of each of the compositions listed in Table 3.

TheMOUSERmodel simulates transient one-dimensional
ute transport through low-permeability materials using
advection-dispersion-reaction equation, assuming equilib
sorption:

]C

]t
= − v

]C

]x
+ D

]2C

]x2 −
rb

n

]S

]t
s1d

where C=contaminant concentration in the dissolved phast
=time; x=distance from the domain entrance;v=fluid velocity in
thex direction;D=dispersion coefficient~includes hydrodynam
dispersion and molecular diffusion!; rb=bulk density; n
=porosity; andS=sorbed phase concentration.

Although the assumption of equilibrium sorption is not stri
valid, an approach incorporating nonequilibrium sorption
outside the scope of this study. In addition, it is likely that
effects due to nonequilibrium sorption may be minimized in
actual barrier system due to the long residence time of the
taminant within the porous media~Rabideau and Khandelw
1998!.

In all simulations, the upper boundary condition was con
ered as a finite-mass boundary condition, expressed as

Cs0,td = C0 −
1

Hf
E

0

t FvCs0,jd − D
]C

]x
s0,zdGdz s2d

where C0= initial concentration in the mixing zone; andHf

=mixing-zone height in thex direction. In these simulations,C0

=10 mg/L andHf =0.3 m; the maximum leachate height allow
by regulation. This boundary condition represents a decli
source of contaminant mass within the landfill and is consid
to be more realistic than assuming a constant contaminant
centration at the surface~Rowe and Booker 1985!. The lower
boundary condition was set as a constant contaminant conc
tion of 0 mg/L. This lower boundary condition was chosen a
represents a conservative scenario for diffusion-dominated
port whereby the concentration gradient across the domain i
maximum. The initial contaminant concentration within the

main wasC0=0 mg/L.
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Values forrb andn were determined from the results of la
ratory permeability testing. Fluid velocitysvd was determine
from the hydraulic gradientsi =1.5d and experimentally dete
mined values ofK and n. The dispersion coefficientsDd was
determined using a free-water diffusion coefficient value o
310−5 m2/d ~Montgomery 1996! and a longitudinal dispersivi
equal to 0.1. A diffusion hindrance parametersHpd was calculate
for each case using the equation:

Hp = n−0.33 s3d

Khandelwal et al.~1998! found that this relationship produc
conservative estimates for effective diffusion coefficients for
ganic solutes in soil-bentonite slurry walls.

Parameter values determined from the best-fit isotherm m
for sorption of benzene to each of the sorptive materials
used to determine the sorptive capacity of a liner system
posed of sand, bentonite, and the sorptive amendment. It ha
shown that the contribution to the overall sorptive capacity
composite liner for each component can be described by m
plying the mass fraction of the component times the isoth
expression for that component. Further details of this method
be found in Smith and Jaffé~1994!.

Results and Discussion

Equilibrium Sorption Isotherms

Results from sorption experiments with benzene, TCE, and
DCB as the solutes and 0.002 N CaSO4 as the solvent phase c
been seen in Figs. 1–3. Recovery in all isotherm experiment
greater than 95%. In general, GAC had the highest sorptiv
pacity for all solutes, followed by BTEA-bentonite, HDTM
bentonite, and shale.

The mechanisms of sorption to each of the proposed am
ments vary. Sorption to activated carbon is generally thoug
occur by a physical adsorption process, and is characteriz
competitive nonlinear isotherms~Manes 1998!. In this study, or
ganic solute sorption to GAC was nonlinear and characterize

Fig. 1. Equilibrium sorption isotherms for benzene for all f
sorbents with 0.002 N CaSO4 as the solvent phase
a Langmuir isotherm model of the form:
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whereCs=equilibrium sorbed concentration;b andqm=isotherm
parameters; andCe=equilibrium aqueous solute concentrati
Sorption of all three solutes to BTEA-bentonite was also no
ear and characterized by a Langmuir isotherm model. Pre
research has shown that when an organoclay has an exch
quaternary ammonium cation with benzyl, phenyl, and/or
tively short-chain alkyl functional groups~ethyl or methyl func
tional groups!, sorption is characterized by competitive nonlin
isotherms with no clear solubility dependence~Smith et al. 1990!.
Based on these observations, the mechanism of sorption ha
attributed to a physical adsorption process.

Uptake of benzene and TCE by HDTMA-bentonite was lin
and was characterized by an isotherm of the form:

Fig. 2. Equilibrium sorption isotherms for trichloroethylene for
four sorbents with 0.002 N CaSO4 as the solvent phase

Fig. 3. Equilibrium sorption isotherms for 1,2-dichlorobenzene
all four sorbents with 0.002 N CaSO4 as the solvent phase
852 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
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n

Cs = KdCe s5d

where Kd=sorption distribution coefficient. Isotherm data
sorption of 1,2-DCB to HDTMA-bentonite were slightly conca
up. These sorption data were fit with a Freundlich model o
form:

Cs = KfCe
nf s6d

where Kf =Freundlich distribution coefficient; and nf

=Freundlich exponent. All HDTMA-bentonite isotherms w
linear or slightly concave up, supporting the theory that sorp
to clays modified with cations with long alkyl chains, such
HDTMA, occurs primarily by a partition process between
aqueous solution and the organic medium created by the
chains~Smith et al. 1990!. The slight upward concavity observ
in some of the HDTMA-bentonite isotherm data has been
served by previous researchers and has been attributed
formation of a discrete solute phase on the surface of the
~Jaynes and Boyd 1991!. Isotherm models were fit using a mo
calibration program,ISOFIT, using an equal data-weighti
scheme~Matott 2004!. All three isotherm models were fit to ea
set of experimental data, and the model resulting in the be
~determined by highestR2 value and lowest standard error of
regression! was chosen. Resulting isotherm model parameter
regression statistics are given in Table 4.

Since adsorption is the most likely mechanism for solute
take by GAC, shale, and BTEA-bentonite, it is possible that t
sorbents may exhibit some degree of competitive sorption
the solvent phase in the isotherm experiments is changed to
thetic leachate, which contains low-level concentrations of a
riety of organic compounds. Quantifying the degree of com
tive sorption in the presence of a landfill leachate containi
variety of organic compounds is important in evaluating the
ity of these materials to retard the movement of a specified t
compound through a clay liner. The presence of competitive
tion was determined by comparison of the isotherm data o
target organic solute with 0.002 N CaSO4 as the solvent phase
the isotherm data with synthetic leachate as the solvent pha
each solute/sorbent combination~Fig. 4!. In Fig. 4, isotherm dat
are plotted in a linearized form. Both BTEA-bentonite and G
exhibited no competitive sorption effects for any of the three
ganic solutes tested when the solvent phase was changed
synthetic leachate. Shale did exhibit significant competitive s
tion for benzene and TCE, but minimal competitive effects w
seen for 1,2-DCB.

The reason why competitive sorption effects were obse
only 1,2-DCB on the shale and not for any of the organic so
on either the BTEA-bentonite or GAC is not entirely know
but we hypothesize that it may be due to the surface area o
different sorbents. The surface area of each sorbent was me
using a multipoint BET method~Gemini 2360 surface ar
analyzer, Micromeritics! with N2 as the adsorbate. Surface ar
of 709.10, 28.65, and 11.33 m2/g were measured for GAC
BTEA-bentonite, and shale, respectively. GAC and BT
bentonite have a very large specific surface compared to
indicating that there are a greater number of potential sor
sites on the surface of these two materials compared to
It is possible that no competitive sorption effects were exhib
by these two materials because both the target solute an
organic compounds in the landfill leachate sorbed to only a
tion of the potential sorption sites on the surface of these
materials. Shale did exhibit competitive sorption effects bec

sorption of the target organic solute occupied a large number of
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the available sites on the surface of the shale. When comp
organic compounds in the landfill leachate were introduced t
system, a fewer number of sites were available for sorption o
target solute. This resulted in the shale having a decreased
tion capacity for target solutes compared to the binary-solute
tem. In theory, GAC and BTEA-bentonite have a finite numbe
surface sorption sites. It is possible that competitive sorptio
fects would be observed for these materials as well if the lea
had a larger effective organic concentration. In addition, t
may be a unique interaction between 1,2-DCB, the organic
cies in the synthetic leachate, and the surface sites on the
that contributes to the observed competitive sorption phenom
but that cannot be directly determined from the experime
analysis.

Sorption of benzene, TCE, and 1,2-DCB to all amendm
was much greater than for conventional liner materials. Sor
isotherms for the untreated bentonite and Ottawa sand had a
of zero—indicating no measurable sorption occurred to t
materials.

Permeability Testing

Results from permeability tests with 0.002 N CaSO4 as the
permeant fluid are given in Table 5. All amended specim
met or exceeded the hydraulic conductivity requirement
310−7 cm/s stipulated by the U.S. EPA for materials used
landfill liners, with the exception of the specimen amended
3% GAC which had a measured conductivity of 2310−7 cm/s.
The specimens amended with shale had the lowest conduc
followed by specimens amended with BTEA-bentonite

Table 4. Isotherm Model Parameters for Sorption of Three Organic

Sorbent Solute Model

Granular activated carbon Benzene Langmu

TCE Langmuir

1,2-DCB Langmuir

BTEA-bentonite Benzene Langmuir

TCE Langmuir

1,2-DCB Langmuir

HDTMA-bentonite Benzene Linear

TCE Linear

1,2-DCB Freundlich

Shale Benzene Freundlich

TCE Freundlich

1,2-DCB Freundlich

Note: TCE5trichloroethylene; 1,2-DCB51,2-dichlorobenzene; B
5hexadecyltrimethylammonium-bentonite.
HDTMA-bentonite. Specimens amended with GAC had the high-
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est and most variable conductivity. The total porosity of the sp
mens ranged from 0.37 to 0.53, and a general decrease in po
was observed between the 3 and 9% amendment levels f
four amendments. An exception occurred for specimens ame
with GAC, which had a measured porosity of 0.48 at the
amendment level and 0.53 at the 9% amendment level. Th
crease in porosity may be due to the high internal porosity o
GAC, resulting in a greater overall porosity for specimens c
posed of a larger weight percentage of this material.

Results from permeability experiments with synthetic leac
as the permeant fluid may be seen in Table 6. In general,
ductivity was either unchanged or decreased slightly when
permeant fluid was changed from the 0.002 N CaSO4 solution
to the synthetic leachate. These results are similar to results
a previous study that found that MSW leachate had little e
on the hydraulic conductivity of compacted clays~Quigley et al
1988!.

Hydraulic conductivitysKd is a function of the intrinsic pe
meability skd of the soil and two fluid properties: Densitysrd and
viscosity shd:

K = kSrg

h
D s7d

Viscosity and density measurements made for both the 0.0
CaSO4 solution and the synthetic leachate indicated that thes
properties did not vary significantly between the two fluids. T
indicates that any measured change in conductivity is a fun
of a change in the intrinsic permeability of the specimen and
due to a variation in permeant fluid properties. Intrinsic per

es to Four Sorptive Amendments

Model parameters R2
Standard error

of the regression

Qm smg/kgd=229,768
b sL/mgd=0.0254

0.970 20,200

Qm smg/kgd=536,053
b sL/mgd=0.0124

0.984 22,900

Qm smg/kgd=476,395
b sL/mgd=0.1350

0.970 27,300

Qm smg/kgd=14,942
b sL/mgd=0.0495

0.984 755

Qm smg/kgd=12,776
b sL/kgd=0.0263

0.903 1,500

Qm smg/kgd=7,525
b sL/kgd=0.0222

0.978 347

Kd sL/kgd=20.85 0.986 323

Kd sL/kgd=11.04 0.994 126

Kf sL/kgd=170.0
n=1.16

0.98 Not available

Kf sL/kgd=351
n=0.227

0.988 48

Kf sL/kgd=2,539
n=0.110

0.990 178

Kf sL/kgd=411
n=0.242

0.945 116

bentonite5benzyltriethylammonium-bentonite; and HDTMA-benton
Solut

ir

TEA-
ability can be described as a function of porositysnd and effective
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pore radiussred ~Rakhshandehroo et al. 1998! where:

k = nre
2 s8d

The average porosity of the specimens did not change si
cantly when the permeant fluid was changed to the synt
leachate. This indicates that the measured decrease in perm
ity is a function of a decrease in the effective pore radius resu

Table 5. Results from Permeability Experiments with 0.002 N CaS4 a

Amendment type

Hydraulic conductivity
~cm/s!

Bulk de
sg/c

Ave. Std. error Ave.

No amendment 1310−7 2310−8 2.20

3% GAC 2310−7 8310−8 2.09

9% GAC 1310−7 7310−8 2.15

3% HDTMA-bentonite 4310−8 1310−8 2.37

9% HDTMA-bentonite 7310−8 3310−8 2.13

3% BTEA-bentonite 1310−8 2310−9 2.15

9% BTEA-bentonite 1310−8 2310−9 2.13

3% shale 2310−8 4310−9 2.20

9% shale 3310−9 8310−10 2.14

Note: Ave.=average; Std. error=standard error; GAC=granular a

Fig. 4. Comparison of competitive sorption isotherms~solvent pha
CaSO4! for benzene, trichloroethylene, and 1,2-dichlorobenzene
BTEA-bentonite5benzyltriethylammonium-bentonite.
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from interactions between the leachate and the soil materia
Analysis of the permeability testing results conducted

0.002 N CaSO4 and the synthetic leachate indicate that the in
poration of GAC, shale, or organoclay amendments will hav
adverse effect on the overall permeability of compacted clay
ers below landfills, and in fact, may actually serve to decreas
permeability of a liner system. The decrease in permeabilit

Permeant Fluid

Dry bulk density
sg/cm3d Porosity

Number of
replicatesrror Ave. Std. error Ave. Std. error

1.73 0.01 0.47 0.01 5

1.62 0.01 0.48 0.01 3

1.62 0.05 0.53 0.02 3

1.86 0.04 0.50 0.02 3

1.74 0.01 0.39 0.01 3

1.76 0.01 0.40 0.01 3

1.74 0.01 0.38 0.01 3

1.79 0.01 0.41 0.01 3

1.76 0.01 0.37 0.01 3

ed carbon; HDTMA-bentonite5hexadecyltrimethylammonium-bentonite; a

nthetic leachate! and single-solute isotherms~solvent phase=0.002
nzyltriethylammonium-bentonite, granulated activated carbon,
Os the

nsity
m3d

Std. e

0.02

0.01

0.07

0.05

0.01

0.03

0.01

0.01

0.02

ctivat
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sociated with the amendments is due to the fact that the am
ments have finer particle-size distributions than the Ottawa
they replace.

Transport Simulations

Experimental results from permeability and sorption testing m
it complicated to directly compare the effectiveness of the
proposed sorbents as amendments for clay liner systems. F
ample, shale exhibited the lowest sorptive capacity of all o
proposed amendments, but the permeability of specimens th
cluded shale as a fraction of their composition yielded a hydr
conductivity one to two orders of magnitude lower than con
tional liner materials. Similarly, GAC exhibited a very large so
tive capacity for all organic solutes tested, however the pe
ability of specimens amended with this material had a compa
if not slightly larger permeability when compared to the o
amendments. As a result, benzene transport simulations wer
formed in order to better evaluate the performance of these
terials. Results from benzene transport simulations are pres
in Table 7. Fig. 5 shows plots of mass of benzene exiting the
per unit area as a function of time for shale, HDTMA-benton
and the unamended liner.

The predicted cumulative mass of benzene transported th
the unamended liner was 3.03103 mg over the 100-year simul

Table 6. Results from Permeability Experiments with Synthetic Leac
as the Permeant Fluid

Amendment type

Ave.
hydraulic

conductivity
~cm/s!

Ave.
bulk

density
sg/cm3d

Ave.
dry bulk
density
sg/cm3d

Ave.
porosity

No amendment 2310−8 2.17 1.73 0.45

3% GAC 2310−8 2.11 1.63 0.48

9% GAC 4310−8 2.01 1.51 0.49

3% HDTMA-bentonite 2310−8 2.07 1.66 0.41

9% HDTMA-bentonite 2310−7 2.14 1.73 0.41

3% BTEA-bentonite 2310−9 2.13 1.75 0.38

9% BTEA-bentonite 2310−8 2.08 1.73 0.35

3% shale 5310−9 2.19 1.78 0.41

9% shale 1310−9 2.12 1.74 0.37

Note: Ave.=average; GAC=granular activated carbon; HDTM
bentonite5hexadecyltrimethylammonium-bentonite; and BTE
bentonite5benzyltriethylammonium-bentonite.

Table 7. Simulation Results through Amended Liners

Amendment type
Cumulative mass

~g!

Unamended 3.03103

3% GAC No mass

9% GAC No mass

3% HDTMA-bentonite 2.653103

9% HDTMA-bentonite 2.483102

3% BTEA-bentonite 0.36310−15

9% BTEA-bentonite No mass

3% shale 2.153103

9% shale 1.323102

Note: GAC=granular activated carbon; HDTMA-benton
5hexadecyltrimethylammonium-bentonite; and BTEA-bento

5benzyltriethylammonium-bentonite.

JOURNAL OF GEOTECHNICAL AND
-

-tion period. Liners modified with shale and HDTMA-benton
had a slight reduction in cumulative mass transported, how
the most significant reduction in mass resulted from amendin
liner with either BTEA-bentonite or GAC. Amending the lin
with BTEA-bentonite at the 3% level resulted in a five-fold
crease in mass compared to the unamended case, while am
the liner with 9% BTEA-bentonite resulted in a hundred-fold
crease in mass transported through the liner. Modifying the
with 3% GAC resulted in a decrease in mass of 7 orders of
nitude compared to the unamended liner, while modifying
liner with 9% GAC by weight resulted in essentially no pollut
mass exiting the liner over the entire 100-year simulation pe
Although the liners amended with GAC had conductivity va
equal to or slightly larger than the unamended liner, the incre
sorptive capacity significantly retarded pollutant transport.

Conclusions

The measured sorption capacity of all amendments was g
than for conventional soil materials~Ottawa sand and untreat
bentonite clay!. For all three solutes, GAC exhibited the high
sorptive capacity, followed by BTEA-bentonite, HDTM
bentonite, and then shale. GAC and BTEA-bentonite exhibite
competitive sorption effects between the three organic solute

Fig. 5. Plots of mass of benzene per unit area exiting the liner v
time
the synthetic leachate. Shale exhibited strong competitive effects
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for benzene and TCE with the synthetic leachate present.
Hydraulic conductivity of specimens amended with either

9% amendment by weight met or surpassed regulatory req
ments of 1310−7 cm/s, with the exception of 3% GAC, whi
had a measuredK value of 2310−7 cm/s. There was little effe
on permeability when the permeant fluid was changed to a
thetic leachate.

Transport simulations indicate that all modified liners p
formed better with regard to mitigating pollutant transport w
compared to a conventional liner. The simulations indicate
liners modified with either BTEA-bentonite or GAC at either
or 9% level ~by weight! would minimize benzene transp
through the liner over a 100-year period. The total mass of
zene transported through the liner was reduced only minim
when either HDTMA-bentonite or shale were incorporated
the liner. Although the total mass transported through liners m
fied with HDTMA-bentonite or shale is similar to the mass tra
ported through the unamended liner, Fig. 5 indicates that the
of benzene transported per unit area is significantly reduced
HDTMA-bentonite or shale is incorporated into the liner. It is a
interesting to note that HDTMA-bentonite and shale perfor
similarly well, although HDTMA-bentonite has a significan
higher benzene sorption capacity than shale. The fact that be
transport through the shale-amended liner was similar to
through the HDTMA-bentonite-amended liner may be attrib
to the much lower permeability measured for the shale-ame
specimens.
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